receptors, with a small NMDAR-mediated component
Pairing Depolarization with LMAN Recurrent Collateral Stimulation at 20 Days Induces Two Forms of Lasting Plasticity
We performed one set of experiments in slices from 20-day-old birds because this age falls within the sensory phase of song learning and precedes the onset of sensorimotor learning (Immelmann, 1969; Eales, 1989) ( Figure  1A) . To induce plasticity, we repeatedly (40ϫ) delivered single brief (100 ms) pulses of postsynaptic depolarizing current in conjunction with LMAN R stimulation. Each current injection elicited a burst of approximately 6-10 action potentials. The total duration of the burst approximated the duration of the current pulse. This "pairing" took place over the course of several minutes, during which we continued to stimulate each pathway at low frequency (0.05 Hz, 10 s out of phase) ( Figure 1D ; see Experimental Procedures for further detail). This pairing protocol produced a long-lasting increase of the LMAN R excitatory postsynaptic potential (EPSP) slope ( Figure  2A ). The mean LMAN R EPSP slope 30 min after pairing onset was increased by 21% Ϯ 5% relative to baseline (n ϭ 12; p Ͻ 0.001) ( Figure 2B ), and when stable recordings could be maintained to 60 min after pairing, EPSP slopes were increased by 33% Ϯ 15% relative to baseline (n ϭ 7; p Ͻ 0.04). The changes in the LMAN R EPSP elicited by the pairing protocol depended on the timing of the first spike elicited by the current injection relative to the onset of the EPSP (see Figure 3) . When the first spike occurred after the LMAN R EPSP onset ("spike lags"), the LMAN R pathway was potentiated (as in Figure 2 ). In contrast, when the first spike in the burst preceded the EPSP onset ("spike leads"), potentiation did not occur, and in some cases the LMAN R EPSP was depressed ( Figures 3A and 3B ). The pairing protocol induced significantly less potentiation of LMAN R responses in spike-leading versus spike-lagging experiments (n ϭ 8; p Ͻ 0.001) ( Figure 3B ). In the same cells in which LMAN R pairing potentiated LMAN R responses, the responses to stimulated DLM depression at 20 days (Boettiger and Doupe, 1998), showed significant increases in both CV and PPR (p Ͻ Taken together, these data strengthen the argument that the lasting depression of DLM responses seen after 0.04 and 0.03, respectively). In addition, the magnitude of DLM depression was significantly correlated with inpairing postsynaptic AP bursts with LMAN R stimulation is an induced plasticity of the synapses rather than simcreases in both CV and PPR (r 2 ϭ 0.34, p Ͻ 0.005 and r 2 ϭ 0.22, p Ͻ 0.04, respectively). These results further ply DLM fiber rundown. Moreover, the long temporal separation between the activity of the presynaptic DLM highlight the independence of these two forms of plasticity, suggesting that the LMAN R LTP is due to increased input and the postsynaptic LMAN neuron suggests that DLM LTD may be induced via a heterosynaptic mechapostsynaptic sensitivity, whereas the LTD of the DLM responses is likely due to decreased presynaptic release nism. Finally, because depression was not observed when DLM inputs were paired within a narrow time win-(Manabe et al., 1993). dow relative to postsynaptic spiking, the DLM input may be depressed when it is inactive during postsynaptic LMAN R Potentiation Is NMDAR Dependent Given that LMAN R LTP appeared to be Hebbian and bursting. Thus, activity of this input simultaneous with postsynaptic bursting may protect the synapse from postsynaptically expressed at a synapse with a substantial NMDAR-mediated component (Boettiger and Doupe, the otherwise depressing effects of such bursting. LTD exhibiting associativity of this sort could be very useful 1998), we tested whether LMAN R LTP depends on NMDAR activation. The presence of 100 M dl-2-aminoin the selective pruning of ineffective or unnecessary inputs.
5-phosphonovaleric acid (APV) during pairing blocked the increase in LMAN R responses normally observed at To explore whether these plastic changes in LMAN R and DLM synapses were presynaptic or postsynaptic in 30 min after spike-lagging pairing and, instead, produced a small but significant depression (Ϫ9% Ϯ 5%, their expression, we examined the effect of our pairing protocol on two parameters traditionally thought to ren ϭ 10; p Ͼ 0.05) ( Figure 5A ). This result is similar to that recently reported in rat barrel cortex (Feldman, flect presynaptic release probability (Manabe et al., 1993) : the coefficient of variation of response strength 2000). The reduction in the ability of the pairing protocol to induce LTP when NMDARs were blocked was highly (CV) and the paired-pulse ratio (PPR) (see Experimental Procedures). In the LMAN R pathway, which shows little significant (p Ͻ 0.001) ( Figure 5A , open circles). In six cells in which we could repeat the pairing in control short-term plasticity at 20 days (Boettiger and Doupe, 1998), neither parameter changed significantly following ACSF after washing out APV, there was not a significant change in the presence of APV (Ϫ12% Ϯ 7%; p Ͼ 0.15), pairing. Furthermore, the degree of potentiation of LMAN R responses was not correlated with a change in CV or whereas a change of 13% Ϯ 3% was obtained after erty would confer a mechanism for activity-dependent synaptic competition: synaptic inputs that are inactive However, our results do not distinguish between a decrease in the NMDA to AMPA ratio at the LMAN R synduring postsynaptic bursting and, thus, not likely to have contributed to such bursting, would be weakened. The apses (Crair and Malenka, 1995; Stark and Perkel, 1999), and a decrease in the contribution of the slow utility of this mechanism is such that LTD of this type may well prove to be a general feature of thalamic input NMDAR-2B subunit (NR2B) (Monyer et al., 1992) . Future studies using the whole-cell patch technique, rather synapses. Although the underlying mechanism is unresolved, we than sharp electrodes, should determine whether a change in the NMDA to AMPA ratio occurs developmenspeculate that the postsynaptic burst firing used in our induction protocol could cause both peptide release and tally at LMAN R synapses. Interpreting developmental changes in LMAN R current kinetics will be difficult, howglutamate spillover from LMAN R terminals, potentially acting on DLM terminals to depress release. A candidate ever, given the poor space clamp attainable in LMAN neurons (Livingston and Mooney, 1997) (Abbott and Blum, 1996) . During sensorimotor learning, such circuitry could then preferentially reinforce motor sequences produced by the bird that sound adequately similar to the tutor song (Troyer and Doupe, 2000) . It is also possible that these forms of plasticity are important to the early sensorimotor phase of song learning, allowing singing experience to rapidly 
